The second-generation Pt anticancer agent carboplatin (CBDCA) was encapsulated within apo horse spleen ferritin (AFt) nanocage and the X-ray structure of the drug-loaded protein was refined at 1.49 Å resolution. Two Pt binding sites, different from the one observed in the cisplatin-encapsulated AFt, were identified in Ft subunits by inspection of anomalous electron density maps at two wavelengths and difference Fourier electron density maps, which provide the necessary sensitivity to discriminate between Pt from CBDCA and Cd ions that are present in the crystallization conditions. Pt centres coordinate to the NE2 atom of His49 and to the NE2 atom of His132, both on the inner surface of the Ft nanocage.
Platinum-based drugs cisplatin (CDDP), carboplatin (CBDCA) and oxaliplatin were approved for medical treatment of cancer by the FDA and are in widespread use [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Although some of the main side effects of CDDP for cancer patients were alleviated using the second-generation Ptbased drugs CBDCA and oxaliplatin, the clinical use of these important anticancer agents is still greatly hampered by high systemic toxicity and by common Pt compound resistance processes [9] [10] [11] . Improving the delivery of these drugs is therefore very important for their biomedical application. In the last few years considerable efforts were put into the development of Pt-based drug vectors (e.g. liposomes, copolymers, dendrimers, inorganic and organic macrocycles and nanoparticles) that could reduce these toxicity and resistance problems [12] [13] [14] . The most desirable vectorial systems for these purposes are obviously biocompatible materials, like protein-based nanoparticles [15] [16] [17] .
Among the systems used to enhance the delivery of Pt-based drugs, the case of the iron-storage protein ferritin (Ft) is very interesting and obviously appropriate [18] [19] [20] [21] [22] . Mammalian Fts are heterogeneous: they consist of two subunits, called heavy (H) and light (L) protein chains due to their different molecular weights (~21 and ~19 kDa, respectively), as well as of different primary amino acid sequence and also function 23 . In vertebrates, Ft is assembled from 24 chains into a spherical cage (~8 and 12 nm of inner and outer diameter, respectively). Each protein subunit folds as a four-helix bundle. The 24 four helix bundle subunits form an octahedral structure 'nanocage' with 432 point group symmetry [24] [25] [26] . This Ft nanocage can incorporate up to 4500 atoms of Fe [24] [25] [26] .
Human Ft is very promising as a Pt-based drug loading and releasing system since it is non-immunogenic and biocompatible 27 , it is highly stable and soluble in the bloodstream, it can be internalized via Ft-binding receptors (like transferrin receptor 1, which specifically recognizes Hchains, or Scara5 that binds L-chains 28 ), which are over-expressed in a variety of malignant cells [28] [29] [30] [31] , and it has a long circulation half-life 32 . It was demonstrated that Ft binds at the gastric cancer cell (GCC) membrane surface, thus it is likely that Ft could efficiently enter cells [20] [21] [22] 31 . Iron oxide rich ferritin nanoparticles have been used to target and visualize tumour tissues without the use of additional contrast agents. 33 Furthermore, it is possible to manipulate the Ft surface genetically or chemically so that it can efficiently and selectively recognize tumour cells through interactions with overexpressed integrin αvβ3 34 .
Fts from various sources were previously exploited to encapsulate doxorubicin 35 ,CDDP, CBDCA, oxaliplatin, and other metal-based drugs [36] [37] [38] [39] [40] .
Up to 55 molecules of CDDP and up to 120 molecules of CBDCA can be entrapped in each Ft nanocage [36] [37] [38] [39] . Cytotoxicity of the encapsulated drug-AFt adducts was evaluated on different tumor cell lines [36] [37] [38] [39] .
We recently reported the high resolution X-ray structure of CDDP-encapsulated apo (AFt) horse spleen ferritin (Lchain) 40 . Our data demonstrated that CDDP is trapped within the cage close to the ND1 atom of His132 and that the outer surface of AFt is unaltered upon CDDP encapsulation 40 , thus suggesting that the drug-loaded protein remains highly biocompatible and able to transport the drug to malignant cells.
The structure of CBDCA-encapsulated AFt is unknown and the reason for the different amount of Pt complex encapsulated in AFt remains to be determined.
Here, we report the determination of the X-ray crystal structure of CBDCA-encapsulated AFt at 1.49 Å resolution using the European Synchrotron Radiation Facility (ESRF, Grenoble, France).
Encapsulation of Pt inside the Ft cage was obtained by first disassembling the cage into subunits at pH=13 and then reconstituting it at neutral pH, as was done to encapsulate CDDP in AFt 40 . The encapsulation was performed using the same batch of protein that was used to prepare CDDP-encapsulated AFt 40 . Specifically, a protein sample of concentration 20 mg x mL -1 was first dissociated at pH 13 in the presence of CBDCA (thus the Ft subunit to metal drug ratio used is in the range 1:30 to 1:280) and then reassembled at neutral pH.
The CBDCA incorporation was confirmed by inductively coupled plasma mass spectrometry (ICP-MS) studies. These mass data indicate that the amount of Pt encapsulated in AFt depends on the preparation and on the protein to metal molar ratio that are used to obtain the adduct. Starting from a protein subunit to metal molar ratio of 1:30, a range from 25 to 82 atoms of Pt can be encapsulated within the cage. Starting from a protein subunit to metal ratio of 1:280, we were able to incorporate up to 144 Pt atoms within the cage (6 Pt atoms per Ft subunit). This value is higher than that found in the literature, where a CBDCA fragment/Ft cage molar ratio between 17 and 120 was observed 36, 39 . The protein to metal ratio value that we have observed is significantly higher than those that were found for CDDP (Pt/Ft cage ratio between 11.2 and 55) 36, 39, 40 .
As observed for CDDP-encapsulated AFt 40 , CBDCAencapsulated AFt does not contain Fe.
The Ft conformation in the CBDCA-encapsulated AFt was evaluated by comparing its far-UV circular dichroism spectrum with that of the native protein used as control 40 ( Figure S1 ). Spectra show very similar curves, confirming that the encapsulation of the drug does not affect the secondary structure of the protein.
Crystals of CBDCA-encapsulated AFt were grown using a sample of the adduct, characterized as detailed above by the presence of up to 144 atoms of Pt within the protein cavity (i.e. 6 Pt for Ft subunits). Crystals are isomorphous to those obtained for CDDP-encapsulated AFt (PDB code 5ERJ) and for the native protein used as control (PDB code 5ERK). X-ray diffraction data were first collected at 1.96 Å resolution at the CNR Institute of Biostructures and Bioimages in Napoli, Italy, using a CuKα radiation and then recollected at higher resolution (1.49 Å) at ESRF synchrotron using a 0.9677 Å wavelength (Table S1 ). The structure of CBDCA-encapsulated AFt ( Figure 1A) was solved by the difference Fourier method using the coordinates of the native Ft (control) crystallized under the same experimental conditions and determined at 2.00 Å resolution in our laboratory, as starting model (PDB code 5ERK) 40 . The best structure of CBDCA-encapsulated AFt ( Figure 1A ), solved at 1.49 Å resolution, includes 1782 non-H atoms, 4 Pt atoms in two different binding sites, 11 Cd 2+ ions, a sulphate ion, four Cl -and refines to an R-factor of 0.158 (R-free=0.181) (see SI for further details).
As expected, superimposition of the structure of CBDCA-encapsulated AFt to that of native Ft used as starting model results in nearly identical protein structures with a root mean square deviation (rmsd) of 0.40 Å for alpha carbon atoms. A detailed comparison with the structure of CDDP-encaspulasted AFt is reported in S.I. In CBDCA-encapsulated AFt each protein subunit adopts a four-helix bundle constituted by helices A, B, C and D and an additional short helix (helix E) at the C-terminus. As usual 24 monomers assemble in an octahedral structure (432 point group symmetry) that form the hollow cage ( Figure 1B ).
To discriminate between Pt and Cd ions from crystallization conditions, anomalous electron density maps calculated at each of the two different X-ray wavelengths were compared. By comparison between CuKα (1.5418Å) and the wavelength used at ESRF (0.9677Å), the Cd and the Pt f '' signals change in opposite ways providing an exquisite sensitivity to discriminate between these two chemical elements. In particular, if one considers the f '' values of these two atoms at these two wavelengths it is possible to note that the Pt signal increases from about 7 electrons to 9 electrons and the Cd signal drops from 4.7 electrons to 2 electrons going from CuKα to 0.9677 Å X-ray wavelength. Thus, the direct comparison of each of the anomalous difference Fourier electron density map peaks at the two wavelengths elegantly reveals which peaks should be attributed to Pt and which ones to Cd. The comparison between the anomalous peak signals of Cd and Pt atoms are reported in Table 1 , together with the assignments made and the comparison with the interpretation of the same peaks in the control study. Interestingly, these data show the presence of two Pt binding sites: one is close to the NE2 atom of His49, which adopts two distinct conformations in both the structures of CBDCA-encapsulated AFt and in the control ( Figure 2C -D and in Figure S2 ). The second is close to the NE2 atom of His132 ( Figure 2E -F and in Figure S2 ). The ND1 atom of His132 was previously identified as a Pt binding site in the structure of CDDP-encapsulated AFt 40 . As observed when CDDP reacts with AFt, the Pt binding sites are partially occupied (0.3) and are located in the inner surface of the cage 40 . Although there is residual electron density close to the Pt centres, it is not sufficiently clear to make an assignment and thus the Pt ligands remain elusive. The inability to observe the Pt ligand of carboplatin upon interaction with proteins seems a general feature, since it has been a challenge reported by Tanley et al 2014 in their extensive survey of crystallisation conditions of lysozyme-carboplatin adducts 41, 42 and by Messori et al. in 2015 in the X-ray structure of the adduct formed in the reaction between carboplatin and bovine pancreatic ribonuclease (RNase A) 43 . Close to one of the two His49 conformers, a Pt atom interacts also with the side chain of Glu45 ( Figure 2C) . Interestingly, the electron density close to the His132 side chain and close to the other conformation of the His49 side chain is reminiscent of that observed in the X-ray structure of the adduct formed in the reaction between hen egg white lysozyme and CBDCA 41, 42 . It is also interesting to note that CBDCA binding to His side chains has already been observed in the crystal structure of the adduct that the drug forms with RNase A 43 . His side chains have been also found frequently in the adduct that cisplatin and other Pt-based drugs form with proteins [44] [45] [46] [47] [48] .
A B C D E F Figure 1 . Overall structure of CBDCA-encapsulated AFt (panel A) and of a single CBDCA-encapsulated AFt subunit (panel B). In panel A, one Ft monomer was omitted, to allow the visualization of the Pt binding sites that are located in the inner surface of the cage. The Pt atoms are depicted as grey spheres. Stick model schematic representations of the Pt binding sites in the CBDCA-encapsulated AFt are reported in panels C-E. In these panels, 2Fo-Fc electron density maps of the adduct are contoured at 1.0 rms and reported in an olive colour. In panels D and F, the anomalous difference electron density map measured at the X-ray wavelength of 0.9677 Å and contoured at 2.0 and 3.0 σ, in cyan and red colours, respectively, is displayed.
Although Ft is believed to be a very good delivery system for antitumor metallodrugs [27] [28] [29] [30] [31] [32] , structural features of drugloaded Ft systems were rarely investigated. Here, carboplatin was encapsulated within the ferritin nanocage and the structure of the adduct was characterized by X-ray crystallography. As observed for CDDP 40 , the binding does not perturb the overall Ft structure and the charge of the protein surface and thus should not alter its biological action, an important feature as we have stressed in our introduction. The platinum compound binding sites are located on the inner surface, close to the side chains of His132 and His49, which are residues that are also involved in the recognition of other metals, like Cd 2+ . The apparent inconsistency between the amount of Pt determined by ICP-MS and the Pt binding sites derived by X-ray diffraction study can be easily explained considering that a large amount of carboplatin could be inside the cage, not coordinated to the protein, but just trapped in the bulk. The binding sites of CBDCA are different when compared to that observed for CDDP. The existence of different binding sites for the two compounds supports the previous hypothesis that Pt ligands are responsible for the driving and identification of protein binding sites [46] [47] . These results also indicate that it is in principle possible to obtain a mixed Pt-based drug encapsulated AFt, i.e. a protein cage with both CDDP and CBDCA bound in the core of the protein, as done for the bis-adduct formed in the competitive reaction between cisplatin and oxaliplatin with hen egg white lysozyme, where the two Pt-based drugs are concomitantly bound to the protein 48 .
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